1. INTRODUCTION
===============

Breast cancer presents a significant health burden worldwide \[[@r1]\]. In 2016, breast cancer was expected to result in more than 40,000 deaths in the US alone, accounting for approximately 7% of all US cancer-related deaths \[[@r2]\]. Around 75% of all breast cancer cases are diagnosed as hormone receptor-positive (HR+) \[[@r3]\]. HR+ breast cancers express the estrogen receptor (ER) and/or the progesterone receptor (PgR) and are typically dependent on the ER signaling pathway for growth and survival. Driven by the female hormone estrogen, the ER signaling pathway regulates a variety of cellular functions including cell proliferation, apoptosis, and angiogenesis \[[@r4]\]. HR+ breast cancers harness the biological functions of the ER pathway to promote breast cancer growth, development, and progression \[[@r5]\]. The reliance of HR+ breast cancer on ER signaling led to the development of agents that target the estrogen signaling pathway, such as aromatase inhibitors (AIs; including letrozole, anastrozole, and exemestane), selective ER modulators (tamoxifen), and selective ER down-regulators (fulvestrant), collectively termed endocrine therapy \[[@r6]\].

Endocrine therapy makes up the treatment backbone for HR+ breast cancer \[[@r7]-[@r9]\]. However, the efficacy of endocrine therapy is limited by high rates of both pre-existing *de novo* resistance, leading to a proportion of patients that fail to respond to endocrine therapy, and resistance that is acquired during treatment with endocrine therapy \[[@r4]\]. A key factor in the shift from estrogen dependency lies in alternative survival pathways, often referred to as 'escape' pathways, that are co-opted by the tumor to replace the reliance on ER signaling \[[@r10]\]. The ER pathway and many of the known escape pathways act through the cyclin D--cyclin-dependent kinase (CDK) 4/6--inhibitor of CDK4 (INK4)--retinoblastoma (Rb) pathway to promote tumor growth \[[@r11]\]. As such, it can be hypothesized that targeting the ER and cyclin D--CDK4/6--INK4--Rb pathways in combination will lead to a more extensive inhibition of tumor growth and prevent the activation of escape pathways, precluding the development of endocrine therapy resistance. Recently, the addition of a CDK4/6 inhibitor to endocrine therapy has demonstrated improved clinical outcomes, with delayed onset of tumor progression \[[@r12]-[@r14]\]. The combination of endocrine therapy and a CDK4/6 inhibitor is now included in the treatment guidelines for advanced HR+ breast cancer and is being widely prescribed \[[@r7], [@r8]\].

The advent of CDK4/6 inhibitor-based combination therapies presents a new challenge for health care providers to understand the toxicity profiles of the inhibitors in this class of agents and to deliver effective monitoring and management of the associated side effects. In this review, we described the mode of action of the following three CDK4/6 inhibitors, palbociclib (PD-0332991; Pfizer), ribociclib (LEE011; Novartis), and abemaciclib (LY2835219; Lilly), the efficacy and safety data relating to their use in HR+, human epidermal growth factor receptor 2-negative (HER2--) advanced breast cancer, and the implications for patient monitoring when these agents are combined with endocrine therapy.

2. THE CYCLIN D--CDK4/6--INK4--RB PATHWAY AS A THERAPEUTIC TARGET IN BREAST CANCER
==================================================================================

2.1. The CDK4/6 and ER Pathways in Cell Cycle Control
-----------------------------------------------------

Individual cells are subject to stringent controls from external growth signals and cell cycle machinery before growth and proliferation can occur \[[@r15], [@r16]\]. Cell cycle progression from the first growth phase (G1), through the DNA synthesis (S) phase and the second growth phase (G2), to cell division in mitosis (M), is tightly controlled by a series of 'checkpoints' \[[@r15]\]. Cell cycle checkpoints allow the detection of cellular damage and the repair of any defects prior to mitosis in order to avoid the transfer of DNA damage to subsequent daughter cells \[[@r15]\]. Unrestricted passage through the cell cycle checkpoints as a result of cell cycle dysregulation is a classic hallmark of cancer, leading to uncontrolled proliferation and genomic instability that is characteristic of tumor cells \[[@r16]\].

A crucial point in the cell cycle is the G1--S cell cycle checkpoint, or the 'restriction point', after which a cell is irreversibly committed to mitosis irrespective of any external signals \[[@r17]\]. The cyclin D--CDK4/6--INK4--Rb pathway acts to control cellular progression through the G1--S checkpoint (Fig. **[1](#F1){ref-type="fig"}**) \[[@r17]-[@r21]\]. During G1, the Rb protein can be found in an inactive complex with the E2 transcription factor (E2F). This inactive complex prevents the expression of genes required for entry into S phase. At the G1--S checkpoint, mitogenic signaling pathways including the ER pathway, drive the expression of cyclin D. In turn, cyclin D associates with and activates the protein kinases CDK4 and CDK6. The active cyclin D--CDK4/6 complexes phosphorylate the Rb protein. Phosphorylated Rb is unable to interact with E2F; this renders E2F active and able to drive the expression of genes necessary for entry into S phase.

There are multiple layers of cross talk between the cyclin D--CDK4/6--INK4--Rb and ER signaling pathways (Fig. **[2](#F2){ref-type="fig"}**). The ER signaling pathway acts to directly upregulate cyclin D mRNA and protein expression, promoting cell cycle progression through activation of the cyclin D--CDK4/6--INK4--Rb pathway \[[@r20]\]. In addition, cyclin D is able to enhance the activity of ER through interactions with ER and its co-regulators \[[@r22]\]. Upon treatment with endocrine therapy, the ER pathway is inhibited, which prevents activation of the cyclin D--CDK4/6--INK4--Rb pathway. The resulting reduced cyclin D--CDK4/6 activity causes cell cycle arrest at the G1--S checkpoint, preventing cell division \[[@r3]\]. However, the cyclin D--CDK4/6--INK4--Rb pathway is frequently disrupted in favor of cell cycle progression in HR+ breast cancer \[[@r23], [@r24]\]. Increased cyclin D--CDK4/6 activity can result from the amplification of genes that encode cyclin D, CDK4, and CDK6 \[[@r25]\], or loss of the p16 protein \[[@r26]\], in addition to other mechanisms such as the activation of upstream signaling pathways \[[@r10]\]. This activation of the cyclin D--CDK4/6--INK4--Rb pathway has been associated with poor response and resistance to endocrine therapy \[[@r27], [@r28]\], with some tumor cells able to maintain pathway activity despite endocrine therapy \[[@r27]\].

In addition to cyclin D--CDK4/6--INK4--Rb pathway activation, multiple additional mechanisms exist in cells with pre-existing or acquired resistance to endocrine therapy, through which cell cycle progression can occur independently of estrogen signaling. These include both ligand-free ER signaling and the activation of alternative signaling pathways, as previously mentioned \[[@r10], [@r29]\]. Ligand-free ER signaling enables cells to activate E2F expression independently of estrogen presence; however, in these cases, the cell is still responsive to endocrine therapies that target the ER such as fulvestrant \[[@r29]\]. Following ER downregulation or loss, the upregulation of substitute signaling pathways, including growth factor receptor, cytokine, and cell survival pathways, promotes cancer growth \[[@r10]\]. In both the examples of endocrine resistance mechanisms, cell cycle progression remains reliant on activation of the cyclin D--CDK4/6--INK4--Rb pathway \[[@r11]\]. As such, targeting the cyclin D--CDK4/6--INK4--Rb pathway is an effective strategy both to enhance the efficacy of endocrine therapy and to overcome the problem of endocrine therapy resistance.

2.2. CDK4/6 Inhibitor Mode of Action
------------------------------------

Palbociclib, ribociclib, and abemaciclib are orally bioavailable, selective inhibitors of CDK4 and CDK6 \[[@r30], [@r31]\][1](#fn1){ref-type="corresp"} designed to bind to the ATP-binding pocket contained within the protein kinases, and thereby block CDK4/6-mediated phosphorylation of Rb \[[@r32]\]. Consistent with this observation, treatment with CDK4/6 inhibitors results in a lack of Rb phosphorylation in cancer cell lines \[[@r30], [@r31]\].[1](#fn1){ref-type="corresp"} Un-phosphorylated Rb remains bound to E2F in an inactive complex; hence E2F is unable to activate the expression of genes that favor cell cycle progression \[[@r3]\]. As such, the cell is arrested at the G1--S checkpoint and unable to proceed to cell division (Fig. **[1](#F1){ref-type="fig"}**). This is demonstrated by the inhibition of cell proliferation in Rb-positive cell lines and dose-dependent tumor growth inhibition in Rb-positive xenograft tumor models upon treatment with the CDK4/6 inhibitors palbociclib, ribociclib, and abemaciclib \[[@r30], [@r31]\].[1](#fn1){ref-type="corresp"}

Palbociclib, ribociclib, and abemaciclib all inhibit cyclin D--CDK4/6 complexes to a similar extent, with half maximal inhibition (IC~50~) values of \<40 nM, yet the ratios of CDK4 versus CDK6 inhibition vary (Table **[1](#T1){ref-type="table"}**) \[[@r30], [@r31]\]. Ribociclib and abemaciclib are 4- and 5-times more selective toward CDK4 over CDK6, respectively \[[@r31]\].[1](#fn1){ref-type="corresp"} In addition, palbociclib, ribociclib, and abemaciclib vary in their selectivity toward other cyclin--CDK complexes \[[@r30], [@r31]\]. The differences in the ratios of inhibition may be clinically relevant, influencing the main toxicities of each individual drug \[[@r33]\]. All three agents are associated with hematologic toxicities; neutropenia and leukopenia are the most common side effects for each single agent \[[@r34], [@r35]\].[2](#fn2){ref-type="corresp"} Hematologic toxicities have

been ascribed to the consequence of CDK6 inhibition as the kinase plays crucial roles in the proliferation and development of hematologic precursors \[[@r32], [@r36]\]. Abemaciclib treatment is associated with a higher incidence of both all-grade and Grade 3/4 gastrointestinal toxicities \[[@r37]\].[2](#fn2){ref-type="corresp"} Abemaciclib also demonstrates inhibitory activity against other cyclin--CDK complexes *in vitro* including cyclin B--CDK1, cyclin A/E--CDK2, and cyclin T--CDK9 \[[@r31]\], although the impact of this activity on the side-effect profile of abemaciclib remains unknown.

In addition to the highlighted differences with respect to the levels of cyclin--CDK inhibition and side-effect profiles, each CDK4/6 inhibitor possesses individual properties to be taken into account for drug administration. Palbociclib dose exposure is subject to a food effect and must be taken with food \[[@r38]\], whereas ribociclib exposure remains comparable when taken both with and without regard to meal times.[3](#fn3){ref-type="corresp"} The time to maximum concentration (T~max~) also differs for palbociclib, ribociclib, and abemaciclib. Ribociclib is rapidly absorbed, with a T~max~ of 1--5 hours \[[@r34]\], abemaciclib has a T~max~ of 4--6 hours \[[@r39]\], whereas palbociclib absorption is slightly slower with a T~max~ of 6--12 hours \[[@r38]\]. Out of the three agents, ribociclib has the longest mean half-life (T~1/2~) of approximately 33 hours \[[@r34]\], palbociclib mean T~1/2~ is approximately 26 hours \[[@r40], [@r41]\], while the mean T~1/2~ of abemaciclib ranges between 17 and 38 hours \[[@r39]\]. Steady-state levels of both palbociclib and ribociclib are generally reached within 8 days of once-daily drug administration \[[@r34], [@r38]\]. In contrast, the maintenance of abemaciclib steady-state plasma concentration and sustained cell cycle arrest requires more frequent dosing due to the shorter half-life of this agent \[[@r39]\]. Taken together, the side-effect profiles and drug properties have contributed to the recommended dosing schedule for each agent. The recommended Phase II dose of both single-agent palbociclib and single-agent ribociclib was determined to be once daily on a 3-weeks-on/1-week-off intermittent schedule \[[@r34], [@r41]\], although continuous once-daily dosing schedules in combination with endocrine therapy are under investigation for palbociclib and ribociclib \[[@r42], [@r43]\]. Abemaciclib is dosed twice daily on a continuous schedule.[4](#fn4){ref-type="corresp"}

3. CDK4/6 INHIBITORS IN BREAST CANCER TREATMENT
===============================================

3.1. Single-Agent CDK4/6-Inhibitor Therapy
------------------------------------------

The interest in the use of selective CDK4/6 inhibitors in breast cancer therapy transpired the following preclinical data, supporting the activity of these agents in HR+ breast cancer models. Across a panel of 47 breast cancer cell lines, growth inhibition upon palbociclib treatment was observed in luminal HR+ breast cancer cell lines, while breast cancers with negative ER status such as non-luminal and basal subtypes demonstrated high levels of resistance to palbociclib \[[@r44]\]. A similar activity was observed for ribociclib and abemaciclib, with high levels of activity in HR+ cell lines.[5](#fn5){ref-type="corresp"},[6](#fn6){ref-type="corresp"},[7](#fn7){ref-type="corresp"} This translated to growth inhibition of HR+ breast cancer tumor xenograft models.[6](#fn6){ref-type="corresp"},[7](#fn7){ref-type="corresp"},[8](#fn8){ref-type="corresp"} The first Phase I single-agent studies of palbociclib, ribociclib, and abemaciclib in adult patients demonstrated promising signs of clinical activity for this class of agents, with manageable safety profiles. Out of 31 evaluable patients with Rb-positive advanced solid tumors or non-Hodgkin's lymphoma treated with single-agent palbociclib, 9 patients experienced stable disease and one patient had a partial response \[[@r40]\]. Following single-agent ribociclib treatment of patients with Rb-positive advanced solid tumors or lymphomas (N=132), 41 patients experienced stable disease and 3 patients had partial responses (NCT01237R236) \[[@r34]\]. In a Phase I study, abemaciclib treatment of patients with advanced cancers also showed signs of clinical activity; out of 47 evaluable patients with breast cancer and 68 evaluable patients with non-small cell lung cancer, 22 and 31 patients experienced stable disease, and 11 and 2 patients had a partial response, respectively (NCT01394016) \[[@r39]\]. The MONARCH-1 Phase II trial of single-agent abemaciclib in 132 patients with pretreated HR+, HER2-- breast cancer demonstrated promising results; 26 patients had a partial response and 63 patients experienced stable disease (NCT02102490).[9](#fn9){ref-type="corresp"} Following MONARCH-1, an expanded access program for single-agent abemaciclib in patients with HR+, HER2-- advanced breast cancer who experienced disease progression on prior therapies opened in June 2016 (NCT02792725) \[[@r45]\].

3.2. Combined CDK4/6-Inhibitor and Endocrine Therapy
----------------------------------------------------

The majority of clinical trials involving palbociclib, ribociclib, and abemaciclib concentrate on the benefit of combining CDK4/6 inhibitors with endocrine therapies as a treatment for HR+ breast cancer. Given the importance of the cyclin D--INK4--CDK4/6--Rb pathway in the development of resistance to endocrine therapy, the combination of both therapies is expected to increase efficacy and prevent endocrine therapy resistance \[[@r46]\]. Moreover, studies on breast cancer cell lines revealed synergistic activity between cell cycle and anti-estrogen therapies. As the repression of target genes in response to anti-estrogens primarily takes place when the cell is in the S phase of the cell cycle, increased apoptosis is observed when cell cycle-arrested cells are treated with endocrine therapy compared with non-arrested cells \[[@r47]\]. Preclinical *in vivo* studies with palbociclib and ribociclib also confirmed the potential for improved efficacy when combining CDK4/6 inhibition and endocrine therapy. In both ER+ breast cancer cell lines and HR+ breast cancer xenograft models, the combination of CDK4/6 inhibitors and endocrine therapy resulted in greater cell and tumor growth inhibition than with either agent alone \[[@r44]\].[10](#fn10){ref-type="corresp"},[11](#fn11){ref-type="corresp"},[12](#fn12){ref-type="corresp"}

Out of the three CDK4/6 inhibitors under development, palbociclib has been approved by US Food and Drug Administration (FDA) in two indications in HR+, HER2-- advanced breast cancer; in combination with letrozole as the first-line therapy, and in combination with fulvestrant in the second-line setting \[[@r38]\]. The approval of palbociclib plus letrozole was based on results from the PALOMA-1 Phase II trial (NCT00721409), in which the addition of palbociclib to letrozole therapy in patients who had received no prior treatment for ER+, HER2-- advanced breast cancer significantly improved progression-free survival (PFS) compared with single-agent letrozole (20.2 versus 10.2 months, hazard ratio 0.488, 95% confidence interval \[CI\] 0.319--0.748, one-sided p=0.0004) \[[@r48]\]. The clinical activity of palbociclib plus letrozole was confirmed in the PALOMA-2 Phase III trial (NCT01740427), in which the addition of palbociclib to letrozole significantly improved PFS compared with placebo plus letrozole with a hazard ratio of 0.58 (95% CI 0.46--0.72, one-sided p\<0.000001) \[[@r12]\]. Similarly, for the combination of palbociclib plus fulvestrant as a second-line therapy, Phase III results (NCT01942135) demonstrated that median PFS was increased to 9.5 months in patients who received combination therapy, from 4.6 months in patients who received fulvestrant alone (hazard ratio 0.46, 95% CI 0.36--0.59, two-sided p\<0.0001) \[[@r13]\]. Neither amplification of cyclin D1 (*CCND1*), loss of p16, or PIK3CA mutational status were shown to affect response to combined palbociclib and endocrine therapy \[[@r13], [@r48]\]. Recent results from the MONALEESA-2 trial (NCT01958021) have shown that ribociclib in combination with letrozole significantly improved PFS in patients with HR+, HER2-- advanced breast cancer who had received no systemic therapy for their advanced disease; median PFS in the ribociclib plus letrozole arm was not reached compared with 14.7 months in patients who received placebo plus letrozole (hazard ratio 0.56, 95% CI 0.43--0.72, p=0.00000329) \[[@r14]\]. Based on these data, FDA approval has been granted to ribociclib in combination with letrozole for the first-line treatment of HR+, HER2-- advanced breast cancer \[[@r49]\]. Abemaciclib currently has FDA Breakthrough Therapy Designation as a single agent, following the previously mentioned data from the breast cancer cohort expansion in the Phase I single-agent trial (NCT01394016) \[[@r50]\]. There are a number of other ongoing key Phase III trials in the first- and second-line setting for pre- and postmenopausal patients with HR+ advanced breast cancer that are currently investigating the combination of CDK4/6 inhibitors with endocrine therapy agents, including fulvestrant, anastrozole/letrozole, tamoxifen, and exemestane (Table **[2](#T2){ref-type="table"}**).

4. SAFETY PROFILES AND SIDE-EFFECT MONITORING OF CDK4/6 INHIBITOR-BASED THERAPIES
=================================================================================

The efficacy of CDK4/6 inhibitors in combination with endocrine therapy has brought CDK4/6 inhibitor-based therapy to the forefront of HR+ breast cancer treatment. Successful implementation of CDK4/6 inhibitor-based combination therapies in the clinic requires an understanding of the associated side effects and effective patient monitoring. Table **[3](#T3){ref-type="table"}** details the most common side effects associated with each CDK4/6 inhibitor based on data from the key single-agent and Phase III combination trials. The main toxicity associated with palbociclib, ribociclib, and abemaciclib treatment is bone marrow suppression resulting in neutropenia and leukopenia; other cytopenias, such as anemia and thrombocytopenia, are less common \[[@r12]-[@r14], [@r34], [@r35]\].[13](#fn13){ref-type="corresp"} Hematologic adverse events are thought to result from the impact of on-target CDK4/6 inhibition on bone marrow progenitor cells \[[@r51]\]. Similar to other therapeutic agents for advanced breast cancer, fatigue and low-severity gastrointestinal toxicities, including nausea, diarrhea, and vomiting, have been observed for each agent \[[@r12], [@r13], [@r34]\].[14](#fn14){ref-type="corresp"} All three CDK4/6 inhibitors in late development demonstrated similar toxicity profiles with the exception of higher rates of gastrointestinal toxicities upon abemaciclib treatment, including Grade 3 diarrhea \[[@r12], [@r13], [@r34]\].[14](#fn14){ref-type="corresp"} Overall, the side effects associated with CDK4/6 inhibitor therapy are less severe than those experienced with chemotherapy \[[@r37]\], and in most cases dose delays or reductions result in prompt recovery \[[@r52]\]. In the PALOMA-2 and PALOMA-3 trials, palbociclib dose reductions due to adverse events were required for 36% and 34% of patients, respectively \[[@r12], [@r13]\]. In the MONALEESA-2 trial of ribociclib in combination with letrozole, 50.6% of patients received a dose reduction due to adverse events \[[@r14]\].

Side effects are generally well managed, with low rates of treatment discontinuation as a result; adverse events were the cause of patient discontinuation in 9.7%, 2.0%, 7.5%, and 7.6% of patients in the PALOMA-2, PALOMA-3, MONALEESA-2, and MONARCH-1 clinical trials, respectively \[[@r12]-[@r14]\].[15](#fn15){ref-type="corresp"} The monitoring processes for the following key side effects are listed in Table **[4](#T4){ref-type="table"}**: hematologic side effects, gastrointestinal toxicities, liver enzyme elevation, pulmonary embolism, and cardiac toxicity.

4.1. Hematologic Side Effects
-----------------------------

Hematologic side effects are among the most common effects experienced by patients who receive CDK4/6

inhibitor-based therapy, with CDK4/6 inhibitor-associated neutropenia the most frequent Grade 3/4 adverse event reported in clinical trials. Neutropenia is regularly experienced by patients treated with chemotherapy, yet neutropenia associated with CDK4/6 inhibitors differs both mechanistically (see below) in that, it is rapidly reversible \[[@r32]\]. Grade 3/4 neutropenia experienced by patients treated with palbociclib and fulvestrant therapy in the PALOMA-3 trial generally resolves within 7 days \[[@r53]\]. In addition, CDK4/6 inhibitor-associated neutropenia is less severe than that experienced by patients who have undergone chemotherapy: there is an absence of related pancytopenia, and low rates of infection \[[@r12], [@r13], [@r34]\]. Chemotherapy-induced severe Grade 4 neutropenia is experienced by over 37% of breast cancer patients during the first four cycles of treatment, and up to 23% of these patients develop subsequent febrile neutropenia \[[@r54]\] with mortality rates of around 5% in patients with solid tumors \[[@r55]\]. In contrast, in CDK4/6 inhibitor studies, less than 10% of patients developed Grade 4 neutropenia, and low rates of febrile neutropenia have been reported (in 2.5%, 0.9%, 1.5%, and 0.8% of patients in the PALOMA-2, PALOMA-3, MONALEESA-2, and MONARCH-1 trials, respectively) \[[@r12]-[@r14]\].[14](#fn14){ref-type="corresp"} The reversible nature of CDK4/6 inhibitor-associated neutropenia is a result of the mode of action of CDK4/6 inhibitors that suppress the bone marrow through cell cycle arrest, as opposed to apoptotic cell death \[[@r56]\]. Preclinical studies have demonstrated that exposure of hematopoietic stem cells to CDK4/6 inhibitors reversibly decreased proliferation but did not decrease total marrow cellularity, alter apoptosis levels, or affect cell viability \[[@r57]\]. As such, the majority of neutropenia cases resulting from palbociclib or ribociclib therapy are resolved rapidly and Grade 3/4 neutropenia can be managed with dose interruptions or reductions \[[@r14], [@r37]\]. Dose modifications for lymphopenia are not typically necessary unless concurrent opportunistic infection occurs \[[@r38]\].

To prevent any complications such as severe myelosuppression with related infection, fever and/or bleeding, and to avoid prolonged Grade 3/4 neutropenia, all patients who receive CDK4/6 inhibitors require frequent monitoring throughout the course of CDK4/6 inhibitor treatment \[[@r46]\]. The onset of neutropenia is around 15 days following the first dose of either palbociclib or ribociclib \[[@r34], [@r38], [@r53]\]; therefore, the timing of patient monitoring is crucial, particularly during the first two treatment cycles. American Society of Clinical Oncology guidelines suggest that complete blood counts should be examined prior to starting CDK4/6 inhibitor-based therapy, at the beginning of each new treatment cycle, and on Day 14 of Cycles 1 and 2 \[[@r7]\]. It is important to note that due to baseline assessments, dose interruptions, and cycle delays, the patient may not always begin study treatment on the initially scheduled day. This can result in clinical assessments taking place at the wrong point in the cycle, leaving an opportunity for early signs of neutropenia to be missed. Occurrences such as this can be minimized by encouraging clear communication between the patient and the monitoring team. A follow-up call with the patient, the day after the proposed start of each treatment cycle to confirm whether the dose was administered is a simple and effective method to ensure that assessments take place within the required time-frame. There is a mild increased risk of infection including influenza and upper respiratory infections with CDK4/6 inhibition \[[@r48], [@r53]\]; although as previously mentioned, neutropenic fever and sepsis are rare. Due to this increased risk of infection associated with neutropenia and CDK4/6 inhibitors, in addition to monitoring complete blood counts, patients should be strongly encouraged to maintain a high standard of personal hygiene, avoid contact with people who have an infection, and report any instances of fever above 38.3°C or a persistent fever of over 38°C that lasts  1 hour or more \[[@r58], [@r59]\].

4.2. Gastrointestinal Toxicities
--------------------------------

CDK4/6 inhibitor treatment-related gastrointestinal side effects include diarrhea, nausea, and vomiting. These toxicities are generally low-grade occurrences for both palbociclib and ribociclib, with the exception of higher rates of Grade 3 diarrhea observed following abemaciclib treatment.[16](#fn16){ref-type="corresp"} During the MONARCH-1 trial of abemaciclib monotherapy for patients with HR+, HER2-- metastatic breast cancer, diarrhea was generally experienced within one week of therapy initiation, leading to dose reduction in 21% of patients.[16](#fn16){ref-type="corresp"} The majority of cases were resolved quickly with a median duration of 7.5 days (Grade 2) and 4.5 days (Grade 3).[16](#fn16){ref-type="corresp"} Diarrhea can be a debilitating side effect of cancer treatment as the loss of fluids and electrolytes can result in serious dehydration, renal insufficiency, and electrolyte imbalances; therefore, patients with persistent diarrhea should be monitored for these symptoms \[[@r60]\]. Regular blood tests during treatment with CDK4/6 inhibitors may help to identify alterations in electrolyte levels such as hypokalemia and hypophosphatemia \[[@r60]\]. Persistent diarrhea can result from alternative causes such as infectious or viral etiologies, which should be considered before ascribing diarrhea as a side effect of CDK4/6 inhibitor treatment. If infectious causes are ruled out, anti-motility agents such as loperamide or diphenoxylate/atropine can be offered for persistent diarrhea. Reciprocally, diarrhea increases the risk of infections, which can have serious consequences in patients concurrently experiencing neutropenia, emphasizing the importance of managing this condition \[[@r61]\]. Proactive management of diarrhea at the first sign of loose stools as well as patient assessments for added risk factors including fever, dizziness, abdominal pain, and weakness may help to prevent any complications associated with the condition \[[@r60]\].

4.3. Liver Enzyme Elevation
---------------------------

Asymptomatic abnormal liver function with corresponding increases in the liver enzymes alanine transaminase (ALT) and aspartate transaminase (AST) have been observed following treatment with CDK4/6 inhibitors in combination with endocrine therapy. In clinical trials of patients with HR+, HER2-- breast cancer, Grade 3 increments in ALT and AST levels have been reported in 4% and 2% of patients treated with palbociclib and anastrozole, and 2% and 3% of patients who received palbociclib plus fulvestrant, respectively \[[@r13]\].[17](#fn17){ref-type="corresp"} Palbociclib in combination with letrozole has been associated with hepatic failure and liver-related death in two patients with HR+, HER2-- advanced breast cancer \[[@r62]\]. In the MONALEESA-2 study, Grade 3/4 ALT and AST elevations were observed in 9% and 6% of patients treated with ribociclib in combination with letrozole \[[@r14]\]. Four patients in the ribociclib plus letrozole arm experienced ALT/AST elevations with a concurrent increase in total bilirubin; however, there were no resulting deaths and all the cases were reversible following ribociclib discontinuation \[[@r14]\]. Out of 20 patients with HR+, HER2-- metastatic breast cancer treated with abemaciclib plus letrozole, increase in Grade 3 in ALT or AST levels was observed in two patients.[18](#fn18){ref-type="corresp"} Routine liver function tests may help the early identification of any abnormal liver function during CDK4/6 inhibitor-based therapy. Additionally, concomitant medication including patient use of over-the-counter herbal medications should be regularly reviewed to avoid liver enzyme elevations as a result of drug--drug interactions, and patients should be counselled to limit alcohol intake \[[@r63]\]. Mild impairment of liver function is unlikely to result in any noticeable side effects; however, patients should be encouraged to report any of the following symptoms: unexplained weight loss, jaundice, dark urine, itching, or abdominal pain \[[@r64]\]. Based on the aforementioned data, patients with significant hepatic impairment may be poor candidates for CDK4/6 inhibitor-based therapy and should inform their health care provider about their condition.

4.4. Pulmonary Embolism
-----------------------

Thromboembolism is a leading cause of death in patients receiving anticancer therapy; in a study of patients receiving outpatient chemotherapy (n=4466), 9% died as a result of thromboembolism \[[@r65]\]. Some cases of thromboembolism have also been found associated with CDK4/6 inhibitor-based combination therapy. Thromboembolic events including pulmonary embolism, deep-vein thrombosis, subclavian vein thrombosis, and vena cava thrombosis were observed in 2% of patients with HR+, HER2-- advanced breast cancer who received palbociclib plus fulvestrant in PALOMA-3 \[[@r53]\]. Grade 4 pulmonary embolism was reported in 5% of postmenopausal patients with ER+, HER2-- advanced breast cancer treated with palbociclib plus letrozole in the PALOMA-1 study \[[@r48]\]. One case of Grade 3 pulmonary embolism was reported as a dose-limiting toxicity in the first-in-human trial of single-agent ribociclib therapy \[[@r34]\]. In the MONALEESA-2 trial, two cases of pulmonary embolism were reported as serious adverse events in patients treated with ribociclib in combination with letrozole \[[@r14]\]. Throughout the course of palbociclib treatment, patients should be monitored for signs and symptoms of a pulmonary embolism including shortness of breath, hypoxia, chest pain, rapid breathing, or rapid heart rate \[[@r38]\]. Additionally, patients should be encouraged to report fainting episodes, light-headedness, or sweating \[[@r66]\]. As even large emboli can be asymptomatic, patients who experience fainting episodes, light-headedness, or hypotension should be considered being at high risk \[[@r67]\]. The clinical signs of pulmonary embolism are non-specific, and as such health care providers should confirm the diagnosis with computed tomography angiography (CTA) of the pulmonary arteries; alternatively, a ventilation perfusion scan can be performed if CTA is contraindicated \[[@r67]\].

4.5. Cardiac Toxicity
---------------------

Uncomplicated prolongation of the QT interval has been associated with palbociclib and ribociclib treatment in a dose-dependent manner. A positive linear correlation exists between palbociclib concentration at 125 mg and QT interval.[19](#fn19){ref-type="corresp"} At the recommended ribociclib dose of 600 mg/day in the first-in-man, single-agent study in patients with advanced solid tumors or lymphomas, all instances of QT corrected using Frederica's formula (QTcF) prolongation were Grade 1/2 in severity; Grade 3/4 QTcF prolongation was only observed at the doses of at least 900 mg/day \[[@r34]\]. QTcF prolongation to \>480 ms was experienced by 3.3% of patients treated with ribociclib plus letrozole in the MONALEESA-2 trial (Grade 2, n=10 \[3%\]; Grade 3, n=1 \[0.3%\]), with most changes occurring in the first four-week cycle of study treatment \[[@r14]\]. QTcF prolongation was limited in MONALEESA-2 by proactive dose interruption or reduction \[[@r14]\]. To reduce the risk of QT prolongation, patients eligible to receive CDK4/6 inhibitor-based therapy are subject to stringent criteria in relation to cardiac status, and electrocardiograms should be performed to assess baseline QTcF \[[@r37], [@r68]\]. Any concomitant medication administered to the patient for side-effect management should be carefully reviewed to avoid the co-administration of medications known to increase the risk of QTcF prolongation \[[@r37], [@r68]\]. The QTc interval may also need to be regularly monitored with CDK4/6 inhibitor treatment \[[@r37]\]. Although the majority of QTcF prolongation cases associated with CDK4/6 inhibitor therapy are asymptomatic \[[@r34]\], patients should be encouraged to report any symptoms associated with QTcF prolongation such as palpitations or fainting episodes \[[@r69]\]. Due care should be taken to monitor patients who are experiencing vomiting and/or diarrhea, as the risk of QTcF prolongation also increases if the levels of potassium or sodium in the blood fall below the normal limits \[[@r69]\].

5. PATIENT AWARENESS
====================

Patients awareness and education is a key component of thorough side-effect monitoring. A lack of knowledge of the major side effects and the requirement for regular monitoring can affect a patient's ability to fully comply with treatment plans. For many side effects, the early implementation of appropriate side-effect management can reduce both symptom severity and the length of patient discomfort. Patients should be made aware of the need for the prompt reporting of key symptoms, including those listed in Table **[4](#T4){ref-type="table"}**. This can be encouraged by the use of telephone calls or e-mail prompts between visits to the clinic, which has been demonstrated to reduce patients visits to the emergency room, and lengthen the duration of treatment in patients receiving chemotherapy \[[@r70]\]. However, patients can be reluctant to notify their health care provider of any side effects due to a fear that their therapy may be interrupted as a result \[[@r71]\]. In the case of neutropenia, recent results from the PALOMA-3 trial demonstrated that dose modifications did not have an adverse effect on treatment efficacy \[[@r53]\]. Transparent communication between the health care provider and the patient must be maintained for the patient to develop a balanced view of the seriousness of any side effects compared with their perceived loss-of-treatment benefit. As CDK4/6 inhibitors are home-based, oral therapy, patients play a key role in dosage and side-effect management. The importance of patient education regarding major side effects should not be underestimated.

CONCLUSION
==========

The addition of CDK4/6 inhibitors to endocrine therapy has been shown to improve efficacy in patients with HR+, HER2- advanced breast cancer, and CDK4/6 inhibitor-based therapies are becoming standard-of-care in this patient population. Both palbociclib and ribociclib have demonstrated improved PFS in combination with endocrine therapy compared with endocrine therapy alone. There are currently no proven biomarkers other than ER positivity known to affect CDK4/6 inhibitor response or resistance. Within this class of CDK4/6 inhibitors, palbociclib, ribociclib, and abemaciclib exhibit different *in vitro* and pharmacokinetic properties. In particular, the differences between the agents in IC~50~ values for different kinases and ratios of CDK4:CDK6 inhibition may be clinically relevant, influencing the main toxicities of each individual drug. Although the incidence and severity of side effects associated with palbociclib, ribociclib, and abemaciclib differ, the general toxicities associated with each CDK4/6 inhibitor are similar, including bone marrow suppression with resulting neutropenia and gastrointestinal toxicities. Unlike chemotherapy-associated neutropenia, due to mechanistic differences between cytotoxic agents and CDK4/6 inhibitors, CDK4/6 inhibitor-associated neutropenia is rapidly reversible following dose modifications and reductions with a low incidence of neutropenic fever. The key to the success of CDK4/6 inhibitors in the clinic lies in effective monitoring and management of the associated side effects. In particular, timely clinical assessments and prompt reporting of symptoms are crucial to minimize the severity of side effects, and decrease the frequency of dose delays and treatment interruptions.
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![**The cyclin D--CDK4/6--INK4--Rb pathway and cell cycle control.** CDK, cyclin-dependent kinase; E2F, E2 transcription factor; ER, estrogen receptor; G, growth phase; INK4, inhibitor of CDK4; M, mitosis; P, phosphorylation; Rb, retinoblastoma; S, synthesis phase.](CCDT-17-637_F1){#F1}

![**ER and cyclin D--CDK4/6--INK4--Rb pathway cross-talk.** AKT, protein kinase B; CDK, cyclin-dependent kinase; CoA,  co-activator; E2F, E2 transcription factor; ER, estrogen receptor; GATA3, GATA-binding protein 3; mTOR, mammalian target of rapamycin;  P, phosphorylation; PI3K, phosphatidylinositol 3-kinase; pS167, phosphorylated serine-167; TFs, transcription factors; Rb, retinoblastoma; S6K, S6 kinase.](CCDT-17-637_F2){#F2}

###### 

IC~50~ inhibition values (nmol/L) against cyclin--CDK complexes.

                               **Cyclin D1--CDK4**   **CyclinD1/2/3--CDK6**   **CDK4:CDK6 inhibition ratio**   **Cyclin B--CDK1**   **Cyclin A/E--CDK2**   **Cyclin T--CDK9**
  ---------------------------- --------------------- ------------------------ -------------------------------- -------------------- ---------------------- --------------------
  **Palbociclib** \[[@r30]\]   11                    16                       1:1.5                            \>10,000             \>10,000               NR
  **Ribociclib\***             10                    39                       1:4                              113,000              76,000                 NR
  **Abemaciclib** \[[@r31]\]   2                     10                       1:5                              1627                 504                    57

CDK, cyclin-dependent kinase; IC~50~, concentration at which 50% inhibitory activity is exerted; NR, not reported.

\*Kim, S.; Loo, A.; Chopra, R.; Caponigro, G.; Huang, A.; Vora, S.; Parasuraman, S.; Howard, S.; Keen, N.; Sellers, W.; Brain, C. LEE011: An orally bioavailable, selective small molecule inhibitor of CDK4/6**--**Reactivating Rb in cancer. *Mol. Cancer Ther*., **2013**, *12*(11), Abstract PR02 (Oral presentation).

###### 

Key phase III CDK4/6 inhibitor-based clinical trials in advanced/metastatic breast cancer.\*

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Trial**                              **Setting**   **Patient Population**                                    **Treatment**                                                           **Enrollment**   **Trial Status**
  -------------------------------------- ------------- --------------------------------------------------------- ----------------------------------------------------------------------- ---------------- ------------------------
  PALOMA-4 (NCT02297438) \[[@r72]\]      1L            Asian postmenopausal women with ER+, HER2-- ABC           Letrozole ± palbociclib                                                 ≈330             Recruiting

  PALOMA-2 (NCT01740427)\                1L            Postmenopausal women with ER+, HER2-- ABC                 Letrozole ± palbociclib                                                 666              Active, not recruiting
  \[[@r12], [@r73]\]                                                                                                                                                                                      

  PALOMA-3 (NCT01942135) \[[@r74]\]      2L            Pre/peri- and postmenopausal women with HR+, HER2-- MBC   Fulvestrant ± palbociclib                                               521              Active, not recruiting

  PEARL\                                 2L            Postmenopausal women with HR+, HER2-- MBC                 Palbociclib + exemestane or fulvestrant vs palbociclib + capecitabine   600              Recruiting
  (NCT02028507) \[[@r75]\]                                                                                                                                                                                

  MONALEESA-2\                           1L            Postmenopausal women with HR+, HER2-- ABC                 Letrozole ± ribociclib                                                  668              Active, not recruiting
  (NCT01958021) \[[@r76]\]                                                                                                                                                                                

  MONALEESA-7 (NCT02278120) \[[@r77]\]   1L            Premenopausal women with HR+, HER2-- ABC                  Tamoxifen or NSAI\                                                      671              Active, not recruiting
                                                                                                                 ± ribociclib + goserelin                                                                 

  MONALEESA-3 (NCT02422615) \[[@r78]\]   1L, 2L        Men and postmenopausal women with HR+, HER2 ABC           Fulvestrant ± ribociclib                                                725              Active, not recruiting

  MONARCH-3 (NCT02246621) \[[@r79]\]     1L            Postmenopausal women with HR+, HER2-- ABC                 Letrozole/anastrozole\                                                  ≈450             Active, not recruiting
                                                                                                                 ± abemaciclib                                                                            

  MONARCH-2 (NCT02107703)\               1L, 2L        Pre/peri- and postmenopausal women with HR+, HER2-- ABC   Fulvestrant ± abemaciclib                                               669              Active, not recruiting
  \[[@r80], [@r81]\]                                                                                                                                                                                      
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

1L, first-line; 2L, second-line; ABC, advanced breast cancer; CDK, cyclin-dependent kinase; ER+, estrogen receptor-positive; HER2--, human epidermal growth factor receptor  2-negative; HR+, hormone receptor-positive; MBC, metastatic breast cancer; NSAI, non-steroidal aromatase inhibitor.

\*Phase I and II trials for palbociclib, ribociclib, and abemaciclib in combination with endocrine therapy and alternative therapies can be found on ClinicalTrials.gov.uk.

###### 

Common side effects associated with CDK4/6 inhibitor-based therapy.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Treatment Details**                                    **Patient Population**             **Most Common Side Effects**\                                              **Most Common Severe Side Effects**\
                                                                                              **(\>30% any grade)**                                                      **(≥20% Grade 3/4)**
  -------------------------------------------------------- ---------------------------------- -------------------------------------------------------------------------- --------------------------------------------------------
  **Palbociclib**                                                                                                                                                        

  Palbociclib monotherapy\*^,†^ (NCT01037790) \[[@r35]\]   ABC\                               Leukopenia (100%), neutropenia (92%),\                                     Neutropenia (54%), leukopenia (51%), lymphopenia (30%)
                                                           N=37                               thrombocytopenia (76%), anemia (70%),\                                     
                                                                                              fatigue (68%),\                                                            
                                                                                              lymphopenia (65%)                                                          

  Palbociclib + letrozole^†^\                              ER+, HER2-- ABC\                   All-causality AEs:\                                                        Neutropenia (66%), leukopenia (25%)
  (PALOMA-2; NCT01740427) \[[@r12]\]                       N=444                              Neutropenia (80%),\                                                        
                                                                                              leukopenia (39%),\                                                         
                                                                                              fatigue (37%),\                                                            
                                                                                              nausea (35%),\                                                             
                                                                                              arthralgia (33%),\                                                         
                                                                                              alopecia (33%)                                                             

  Palbociclib + fulvestrant\*^,†^\                         HR+, HER2-- MBC\                   All-causality AEs:\                                                        Neutropenia (65%)\
  (PALOMA-3; NCT01942135) \[[@r13]\]                       N=345                              Neutropenia (81%),\                                                        leukopenia (28%)
                                                                                              leukopenia (50%),\                                                         
                                                                                              infections (42%),\                                                         
                                                                                              fatigue (39%),\                                                            
                                                                                              nausea (32%)                                                               

  **Ribociclib**                                                                                                                                                         

  Ribociclib monotherapy (NCT01237236) \[[@r34]\]          Advanced solid tumors/lymphomas\   TEAEs:\                                                                    Neutropenia (27%)
                                                           N=132                              Neutropenia (46%),\                                                        
                                                                                              fatigue (45%),\                                                            
                                                                                              leukopenia (43%),\                                                         
                                                                                              nausea (42%),\                                                             
                                                                                              thrombocytopenia (30%)                                                     

  Ribociclib + letrozole\                                  HR+, HER2-- ABC\                   All-causality AEs:\                                                        Neutropenia (59%), leukopenia (21%)
  (MONALEESA-2; NCT01958021) \[[@r14]\]                    N=334                              Neutropenia (74%),\                                                        
                                                                                              nausea (52%),\                                                             
                                                                                              infections (50%),\                                                         
                                                                                              fatigue (37%),\                                                            
                                                                                              diarrhea (35%),\                                                           
                                                                                              alopecia (33%),\                                                           
                                                                                              leukopenia (33%)                                                           

  **Abemaciclib**                                                                                                                                                        

  Abemaciclib monotherapy^†^\                              HR+, HER2-- MBC\                   TEAEs:\                                                                    Leukopenia (28%), neutropenia (27%), diarrhea (20%)
  (MONARCH-1; NCT02102490)^‡^                              N=132                              Leukopenia (91%),\                                                         
                                                                                              diarrhea (90%),\                                                           
                                                                                              neutropenia (88%),\                                                        
                                                                                              anemia (69%),\                                                             
                                                                                              fatigue (65%),\                                                            
                                                                                              nausea (64%),\                                                             
                                                                                              decreased appetite (46%), thrombocytopenia (41%), abdominal pain (39%),\   
                                                                                              vomiting (35%)                                                             
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ABC, advanced breast cancer; AE, adverse event; CDK, cyclin-dependent kinase; ER+, estrogen receptor-positive; HER2--, human epidermal growth factor receptor 2-negative;  HR+, hormone receptor-positive; MBC, metastatic breast cancer; TEAEs, treatment-emergent AEs.

\*Any-grade incidence values were calculated by the addition of the number of patients listed as experiencing Grade 1--4 adverse events;

^†^Grade 3/4 incidence values were calculated by the addition of the number of patients listed as experiencing Grade 3 and Grade 4 adverse events.

^‡^Dickler, M.; Tolaney, S.; Rugo, H.; Cortes, J.; Diéras, V.; Patt, D.A.; Wildiers, H.; Frenzel, M.; Koustenis, A.; Baselga, J. MONARCH 1: Results from a phase II study of abemaciclib, a CDK4 and CDK6 inhibitor, as monotherapy, in patients with HR+/HER2- breast cancer, after chemotherapy for advanced disease. *J. Clin. Oncol*., **2016**, *34*(Suppl), Abstract 510 (Oral presentation).

###### 

Monitoring of CDK4/6 inhibitor-associated side effects.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                **Hematologic**\                                                                                **Gastrointestinal Toxicity**           **Liver Enzyme**\                                                           **Pulmonary Embolism**                           **QT Prolongation**
                                **Side Effects**                                                                                                                        **Elevation**                                                                                                                
  ----------------------------- ----------------------------------------------------------------------------------------------- --------------------------------------- --------------------------------------------------------------------------- ------------------------------------------------ ---------------------------------------
  **Symptoms**                  Fatigue, shortness of breath,\                                                                  Diarrhea, nausea,\                      Weight loss, jaundice, dark urine, itching, abdominal swelling \[[@r64]\]   Shortness of breath, chest pain, cough, rapid\   Palpitations,\
                                increased tendency to bleed, and/or bruise \[[@r82]\]                                           vomiting\* \[[@r12], [@r13], [@r14]\]                                                                               breathing, rapid heart rate\                     fainting episodes \[[@r69]\]
                                                                                                                                                                                                                                                    \[[@r38], [@r66]\]                               

  **Clinical assessment**       Complete blood counts \[[@r7], [@r38]\]                                                         Electrolyte levels \[[@r60]\]           Liver function tests \[[@r64]\]                                             Monitor patient\                                 ECG \[[@r83]\]
                                                                                                                                                                                                                                                    symptoms \[[@r38]\]                              

  **Crucial time window**       2 weeks after drug administration in treatment Cycles 1 and 2 (palbociclib and ribociclib)\     1 week after drug\                      Throughout\                                                                 Throughout treatment \[[@r38]\]                  First 4 weeks of treatment \[[@r14]\]
                                \[[@r34], [@r38], [@r53]\]                                                                      administration\                         treatment \[[@r14]\]                                                                                                         
                                                                                                                                (abemaciclib)\*                                                                                                                                                      

  **Frequency of monitoring**   Start of each treatment cycle. Additional assessments during Cycles 1 and 2 \[[@r7], [@r38]\]   Throughout treatment\*                  Throughout\                                                                 Throughout treatment \[[@r38]\]                  Throughout\
                                                                                                                                                                        treatment \[[@r14]\]                                                                                                         treatment \[[@r14]\]

  **Additional risk factors**   Infections, fever, Asian ethnicity, low baseline neutrophil count\                              Fever, dizziness,\                      Concomitant\                                                                Deep-vein thrombosis \[[@r66]\]                  Diarrhea, vomiting, concomitant\
                                \[[@r53], [@r82]\]                                                                              abdominal pain \[[@r60]\]               medication \[[@r84]\]                                                                                                        medication \[[@r69]\]
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CDK, cyclin-dependent kinase; ECG, electrocardiogram.

\*Dickler, M.; Tolaney, S.; Rugo, H.; Cortes, J.; Diéras, V.; Patt, D.A.; Wildiers, H.; Frenzel, M.; Koustenis, A.; Baselga, J. MONARCH 1: Results from a phase II study of abemaciclib, a CDK4 and CDK6 inhibitor, as monotherapy, in patients with HR+/HER2- breast cancer, after chemotherapy for advanced disease. *J. Clin. Oncol*., **2016**, *34*(suppl), Abstract 510 (Oral presentation).
